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We used fMRI to examine the neural response in
frontal and parietal cortices associated with viewing
and naming pictures of different categories of objects.
Because tools are commonly associated with specific
hand movements, we predicted that pictures of tools,
but not other categories of objects, would elicit activ-
ity in regions of the brain that store information about
motor-based properties. We found that viewing and
naming pictures of tools selectively activated the left
ventral premotor cortex (BA 6). Single-unit recording
studies in monkeys have shown that neurons in the
rostral part of the ventral premotor cortex (canonical
F5 neurons) respond to the visual presentation of
graspable objects, even in the absence of any subse-
quent motor activity. Thus, the left ventral premotor
region that responded selectively to tools in the cur-
rent study may be the human homolog of the monkey
canonical F5 area. Viewing and naming tools also se-
lectively activated the left posterior parietal cortex
(BA 40). This response is similar to the firing of mon-
key anterior intraparietal neurons to the visual pre-
sentation of graspable objects. In humans and mon-
keys, there appears to be a close link between
manipulable objects and information about the ac-
tions associated with their use. The selective activa-
tion of the left posterior parietal and left ventral pre-
motor cortices by pictures of tools suggests that the
ability to recognize and identify at least one category
of objects (tools) may depend on activity in specific
sites of the ventral and dorsal visual processing
streams.

INTRODUCTION

We previously reported that, across multiple tasks,
stimuli representing animals and tools (pictures and
words) elicited category-related activity in ventral and
lateral regions of the posterior temporal cortex (Chao et
al., 1999). Specifically, animals elicited bilateral activ-
ity in the lateral aspect of the fusiform gyrus and the
posterior superior temporal sulcus, while tools elicited
478
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bilateral activity in the medial aspect of the fusiform
gyrus and the middle temporal gyrus. These findings
suggest that object knowledge may be represented in
multiple cortical areas that store information about
different object attributes such as form (in the ventral
temporal cortex) and motion (in the lateral temporal
cortex).

If the brain stores information about objects accord-
ing to their features and attributes, then access to
information about motor-based properties should be
especially important for identifying manipulable man-
made objects that are strongly associated with specific
hand movements (i.e., tools).

In monkeys, there is evidence that a close link exists
between common three-dimensional objects and the
actions necessary to interact with them. Single-unit
recording studies have identified neurons in the ante-
rior intraparietal sulcus (AIP) (Sakata and Taira,
1994; Taira et al., 1990) and a region in ventral pre-
motor cortex area F5 (Rizzolatti et al., 1988) that dis-
charge during the execution of grasping movements.
Because some of these neurons also discharge when
the monkey merely looks at graspable objects (Murata
et al., 1997; Sakata et al., 1995), it has been proposed
hat the actions associated with graspable objects are
utomatically evoked whenever the monkey sees these
bjects (Jeannerod et al., 1995).
In humans, information about motor-based proper-

ies also seems to be represented in the parietal and
remotor sites. For example, damage to these regions
f the brain can disrupt knowledge about manipulable
an-made objects as well as the actions necessary to

nteract with them. Patients with difficulty naming
nd retrieving information about tools often have left
rontal lobe lesions, including the left premotor cortex
for review, see Gainotti et al., 1995). Additionally,
atients with left posterior parietal damage can have
ifficulty demonstrating the appropriate actions asso-
iated with the use of specific tools or utensils (i.e.,
deational apraxia, De Renzi and Lucchelli, 1988;
chipa et al., 1989).
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479MEMORY IN HAND
Results from positron emission tomography (PET)
studies of the intact human brain provide more sup-
portive evidence for the role of the left premotor cortex
in tool recognition. Several PET studies have found
activity in the left premotor cortex when right-handed
subjects named and retrieved information about tools
(Grabowski et al., 1998; Grafton et al., 1997; Martin et

l., 1996). However, most of these studies compared
ools to only one other category of object (e.g., Martin et
l., 1996 compared tools to animals; Grafton et al.,
997 compared tools to fractal patterns). Thus, it is
ossible that the left premotor cortex responds to other
ategories of objects besides tools. Interestingly,
rabowski et al. (1998) reported that pictures of ani-
als and famous faces also elicited activity in the left

nferior prefrontal cortex, including the left premotor
ortex. However, the face discrimination task that
rabowski et al. used as baseline, and the different
resentation rates used for each object category, make
t difficult to interpret these results.

The main aim of the present experiments was to
e-evaluate the selectivity of the left premotor cortex for
anipulable man-made objects. This was not possible

n our previous study because we recorded only from
osterior cortex (Chao et al., 1999). We also investi-
ated whether the presentation of a graspable object
ould activate the posterior parietal cortex in humans.
lthough previous neuroimaging studies have not re-
orted tool-selective activity in the parietal cortex, re-
ults from the monkey and clinical studies discussed
bove suggest that the parietal cortex should also re-
pond to the presentation of manipulable man-made
bjects. In the current studies, we used functional mag-
etic resonance imaging (fMRI) to examine the neural
esponses in frontal and parietal cortices associated
ith viewing and naming pictures of tools relative to
ther categories of animate and inanimate objects.

MATERIALS AND METHODS

ubjects

Ten neurologically normal, right-handed subjects
articipated in the study. All subjects gave written
nformed consent in accordance with procedures and
rotocols approved by the NIMH Institutional Review
oard. Five subjects (1 male; mean age 26 6 6.1 years)
articipated in Experiment 1 and five subjects (2
ales; mean age 28 6 4.8 years) participated in Ex-

eriment 2.

xperimental Design

The stimuli consisted of black-and-white photo-
raphs of tools, animals, faces, and houses. The control
timuli were phase-scrambled images of the same ob-

ects presented with the same timing. In Experiment 1 a
ubjects were instructed to look carefully at pictures of
ools, animals, faces, and houses. The pictures were
resented at fixation at a rate of two per second. Ex-
eriment 1 utilized 1728 stimuli (432 different photo-
raphs per category). In Experiment 2 subjects were
nstructed to silently name pictures of tools and ani-

als. The pictures were presented at fixation for 2 s.
xperiment 2 utilized 360 stimuli (six exemplars of 30
amable animals and tools). The stimuli used in Ex-
eriment 2 were equated for word frequency and diffi-
ulty as determined by pilot testing (N 5 10; mean
oice onset time 6 standard error; 946 6 12 ms for
nimals; 966 6 10 ms for tools; mean percentage cor-
ect 6 SE: 96 6 0.6% for animals; 95 6 0.5% for tools).
o stimuli were repeated in either experiment.
There were six imaging runs in each experiment. In
xperiment 1, there were eight 18-second blocks with
eaningful stimuli per run (two blocks for each stim-

lus type). In Experiment 2 there were six 21-s blocks
ith meaningful stimuli per run (three blocks each for
nimals and tools). The stimuli were blocked by cate-
ory in both experiments. Blocks of control stimuli
ere presented at the beginning and end of each run
nd between blocks with meaningful stimuli. The order
f blocks was counterbalanced across runs and subjects
additional details in Chao et al., 1999).

maging

Twenty-two contiguous, 5-mm axial slices were ob-
ained with a gradient echo, echo-planar imaging se-
uence (TR 5 3 s, TE 5 40 ms, flip angle 5 90°, FOV 5

24 cm, 64 3 64 pixels per inch matrix) on a 1.5 Tesla
General Electric Signa scanner. During the same ses-
sion as the fMRI scanning session, a structural MRI
scan was obtained using a fast SPGR sequence (5-mm
thick slices, TR 5 13.9 ms, TE 5 5.3 ms, flip angle 5
0°, FOV 5 24 cm, 256 3 256 matrix) that was

coplanar with the functional EPI scans.

Image Analysis and Statistics

Data for each subject were analyzed separately using
multiple regression (Friston et al., 1995; Haxby et al.,
n press). Movement between scans was corrected by
ligning all EPI scans to a mean EPI scan using Auto-
ated Image Registration software (AIR; Woods et al.,

993). Images were then smoothed in the axial plane
sing a Gaussian filter with a full width at half maxi-
um of 1.2 voxels (4.5 mm). Changes in neural activity
ere modeled as a square wave step function coinci-
ent with the beginning and end of each stimulus
lock. These changes were decomposed into orthogonal
ontrasts: the differences between meaningful and con-
rol stimuli and the differences between tools and an-
mals. In Experiment 1 there were additional contrasts
o evaluate the differences between faces and houses,

nimals and faces, and tools and houses. The orthogo-
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nal, square wave contrasts were convolved with a
Gaussian model of hemodynamic response using exper-
imentally derived estimates of lag (4.8 s) and disper-
sion (1.8 s). These convolved contrasts were the regres-
sors of interest. Additional regressors of no interest
were included to partial out variance due to differences
in mean intensity between time series and linear
changes in intensity within time series.

Voxels that showed a significant overall experimen-
tal effect (Z . 3.09, P , 0.001, for an omnibus test of
the combined effect of the regressors of interest) and an
overall increase in activity for meaningful stimuli (a
positive regression weight for the contrast between
meaningful and control stimuli) were selected for fur-
ther analysis. Because the voxels were selected based
on their overall response to objects, and not based on
their differential response to tools, the voxels were not
biased for any particular category. Next, clusters that
showed a significantly greater response (Z . 1.96, P ,

FIG. 1. Tool-selective activity in the left ventral premotor cortex
he viewing task (Experiment 1). The time series, averaged across su
ray bars indicate presentation of the meaningful stimuli (tools, ho
ation of the control stimuli (phase scrambled images of the objects
ompared to the other categories of objects in both the left ventral p
0.05, two-tailed, uncorrected for multiple comparisons)
to tools relative to the other object categories were
identified. Correction for multiple comparisons was
achieved by an analysis of the spatial extent of clusters
of voxels showing differential responses to tools and
animals. Only clusters of seven or more contiguous
voxels with Z . 1.96 were considered significant.

The anatomical locations of clusters of voxels show-
ing significant differences between responses to tools
and other stimuli were determined by superimposing
their locations on coplanar high-resolution structural
MRI scans. Voxels in significant clusters were used to
determine the stereotaxic coordinates of the activa-
tions and to calculate mean time series for further
statistical analysis. Identification of these voxels some-
times involved grouping neighboring but not contigu-
ous significant clusters together or dividing a large
cluster of contiguous voxels into different anatomical
regions.

Location of each activation in the standard stereo-

left posterior parietal cortex in a representative subject performing
cts, for the two areas are presented on the left side of the figure. The
s, animals, and faces). The intervening white bars indicate presen-
ote that tools elicited a significantly larger percent signal change
otor and left posterior parietal cortices.
and
bje
use
). N
rem
taxic coordinates of the Talariach and Tounoux atlas
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(1988) was obtained. To correct for distortions the EPI
data were registered to the coplanar structural MRI
using a two-dimensional, rigid body alignment algo-
rithm with AIR software. The coplanar structural MRI
scans were registered to the high-resolution structural
MRI scan, also using AIR software, and the registered
statistical maps from the fMRI EPI data were similarly
registered using the same resampling matrix. The
high-resolution structural MRI was then resampled
into the standard stereotaxic brain coordinates of the
Talairach and Tournoux atlas (1988) and the regis-
tered fMRI statistical maps were shadowed into the
same coordinate space using SPM96b software.

For each subject and each activation, a mean time

FIG. 2. Regions of significant activation in three selected slices
mean time series are presented on the left side of the figure. Note th
of animals and tools. In contrast, tools elicited a significantly larger p
left posterior parietal cortices.
series, averaged across activated voxels and across
repetitions of blocks with the same stimulus type, was
calculated. For Experiment 1, each mean time series
consisted of 48 time points (six time points per stimu-
lus type and six time points for control blocks following
each stimulus type). For Experiment 2, each mean
time series consisted of 28 time points (seven time
points per stimulus type and per control block). Each
time point in these mean time series represents the
average of six experimental runs.

Multiple regression was used to measure the size of
the response to each meaningful stimulus condition as
a percent signal change above activity elicited by the
phase-scrambled control. Measures of percent response
were then analyzed with a repeated-measures analysis

one subject performing the silent naming task (Experiment 2). The
he left inferior frontal/anterior insula responded equally to pictures
ent signal change than animals in both the left ventral premotor and
for
at t
erc
of variance.
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RESULTS

Behavioral data collected after scanning documented
hat the animal and tool stimuli used in Experiment 2
ere equated for naming time (mean voice on-set

ime 6 SE, 920 6 12.1 ms; 948 6 12.5 ms) and accuracy
percent correct 6 SE, 96 6 0.7%; 95 6 0.9%).

In Experiment 1, three of five subjects showed sig-
ificant activations in the left ventral premotor cortex
BA 6) and four of five subjects showed significant
ctivations in the left posterior inferior parietal cortex,
ncluding the intraparietal sulcus (BA 40). There were
ignificant effects of stimulus type in both the left
entral premotor cortex (P 5 0.03) and the left poste-
ior inferior parietal cortex (P , 0.0005). Within each
f these regions, tools elicited a significantly stronger
esponse than each of the other object categories (P ,
.05 to P , 0.006; see Fig. 1).
In Experiment 2, all five subjects showed significant

ctivations in the left ventral premotor cortex while
hree of five subjects showed significant activations in
he left posterior inferior parietal cortex, centered in
he intraparietal sulcus. Again, there were significant
ffects of stimulus type in the left ventral premotor
ortex (P 5 0.01) and the left posterior inferior parietal
ortex (P , 0.005), with pictures of tools eliciting a
tronger response in both regions. In addition, signifi-
ant activity was found in the left inferior prefrontal
ortex/anterior insula (BA 44). However, animal and
ool naming produced similar amounts of activity in
his area (see Fig. 2). The location and size of all acti-
ations in Experiments 1 and 2 are provided in Table 1.

DISCUSSION

Our ability to identify different objects may depend
n the activation of stored information about the sen-
ory- and motor-based attributes that define an object
nd distinguish it from other members of the same
ategory (Martin et al., 2000). Results from our previ-
us experiment (Chao et al., 1999) suggest that pic-
ures of tools elicit activity in a distributed network of
ortical regions that prominently include the ventral
nd lateral regions of the posterior temporal cortex.
esults from the current study extend this network to

nclude other areas of the brain.
Relative to viewing and naming pictures of multiple

ategories of objects, the left ventral premotor cortex
esponded selectively to pictures of tools. Interestingly,
revious PET studies of imagined right hand move-
ents have also reported activity in a similar region of

he left ventral premotor cortex (Decety et al., 1994;
rafton et al., 1996; Stephan et al., 1995). This sug-
ests that the current left ventral premotor activation
ay be related to the retrieval of information about

ight-hand movements associated with the use of ma-

ipulable man-made objects. i
Single-unit recordings in monkeys suggest that in-
ormation about graspable objects is represented in a
etwork of regions including area F5 in ventral premo-
or cortex (Rizzolatti et al., 1988). There are two types
f neurons in area F5: canonical neurons and mirror
eurons (Rizzolatti and Fadiga, 1998). Canonical neu-
ons, located inside the arcuate sulcus, respond to the
isual presentation of graspable objects. For this rea-
on, it has been proposed that canonical neurons play a
ole in object-to-hand movement transformations
Jeannerod et al., 1995). A similar effect was noted in
he current study. Viewing and naming pictures of
ools selectively activated the left ventral premotor
ortex. These results suggest that, in the human brain,
he homolog of the monkey canonical F5 area may be
ocated in the left ventral premotor cortex.

In contrast, mirror neurons, located on the cortical
onvexity of the arcuate sulcus, respond when the mon-
ey performs an action and when the monkey observes
nother individual performing a similar action (Rizzo-
atti et al., 1996). For this reason, it has been proposed
hat mirror neurons play a role in the imitation and
nderstanding of actions (Jeannerod, 1994; Rizzolatti
t al., 1996). A recent fMRI study by Iacoboni et al.
1999) reported activity in a region of the left frontal
perculum/Broca’s area (BA 44) when human subjects
bserved others performing finger movements. Impor-
antly, this area became more active when subjects
xecuted the finger movements, and most active when
ubjects both observed and executed the finger move-
ents (i.e., during imitation). Thus, these findings sug-

est that the left frontal operculum/Broca’s area (BA
4) may be the human homolog of the monkey mirror
5 area, in accordance with a proposal by Rizzolatti
nd Arbib (1998).
It is interesting to note that in the monkey brain,
irror neurons are adjacent to canonical neurons and

oth populations of neurons are located in BA 6. In
ontrast, the putative human homolog of mirror F5 is
ocated in BA 44 while the putative human homolog of
anonical F5 is located in BA 6. This difference in
unctional neuroanatomy between monkey mirror and
anonical F5 and the human homolog of these areas
ay have occurred as a result of the expansion of the

refrontal cortex over the course of primate brain evo-
ution. Nevertheless, there appears to be a close homol-
gy between the functional organization of certain
arts of the prefrontal and premotor cortices in hu-
ans and monkeys.
We also found significant activity in the left inferior

refrontal cortex/anterior insula. Recent neuroimaging
tudies have provided evidence that a similar region of
he left inferior frontal cortex is active during a wide
ange of language tasks (for review, see Poldrack et al.,
999). It is likely that this activation is related to
exical search and retrieval and phonological process-

ng for the following reasons: First, this region of the
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483MEMORY IN HAND
prefrontal cortex was only active in Experiment 2,
where subjects had to explicitly name the stimuli. Sec-
ond, this region of the brain responded equally to pic-
tures of animals and tools. Finally, the Talairach coor-
dinates of this activation were close to the coordinates
of other left prefrontal activations reported in linguis-
tic processing tasks (e.g., Bookheimer et al., 1995;

raver et al., 1997; Fiez et al., 1995; Martin et al., 1996;
umsey et al., 1997).
While the current left inferior prefrontal cortex/an-

erior insula activation is also in BA 44, it is located in
more medial area of BA 44 than that reported by

acoboni et al., (1999). Because we only examined the
eural response associated with viewing and naming
ictures of objects, the relationship between the
egion of BA 44 that responds during lexical selection
nd retrieval and the region that responds when
iewing hand and finger movements remains to be
etermined.
Viewing and naming pictures of tools, but not other

ategories of objects, also activated the left posterior
arietal cortex. A recent fMRI study of object grasping
eported activity in a similar region of the left posterior
arietal cortex (240, 240, 40; Binkofski et al., 1999).
oreover, humans with left posterior parietal lesions,

ncluding the intraparietal sulcus, often have difficulty
ontrolling hand and finger movements during grasp-
ng (Binkofski et al., 1998; Perenin and Vighetto,
988). Together, these findings suggest that the tool-
elective response in the left posterior parietal cortex
ay be related to the retrieval of information about
and and finger movements associated with the use of
anipulable man-made objects.
Goodale and Milner (1992) have proposed that the

arietal cortex provides information necessary for the
ontrol of object-directed action. Our data suggest that
he left posterior parietal cortex also provides motor-
ased information important for recognizing manipu-
able man-made objects. Thus, our ability to recognize

TAB

Dorsal Regions Showing P

Hemisphere N

xperiment 1 (Viewing)
Ventral premotor Left 3
Posterior parietal Left 4

xperiment 2 (Naming)
Inferior frontal/insula Left 5
Ventral premotor Left 5
Posterior parietal Left 3

Note. Volumes were calculated before spatial normalization. Coord
oordinates are mean 6 SD. N indicates the number of subjects (of
ertain classes of objects (e.g., tools) may depend on the
ntegration of information from both the ventral and
orsal streams.
In conclusion, results from this and our previous

tudy (Chao et al., 1999) suggest that, in right-handed
ndividuals, regions of the fusiform gyrus, middle tem-
oral gyrus, left posterior parietal cortex, and left ven-
ral premotor cortex form a network that links infor-
ation about the visual features and attributes that

haracterize objects as distinct tools with the appropri-
te hand and finger movements necessary for using
hem. These findings suggest that this network of ven-
ral and dorsal sites is active whenever we recognize
nd identify manipulable man-made objects.
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